Paralysis was maintained in the sheep for 30 or 90 minutes by computer-controlled injection of gallamine, pancuronium, alcuronium or d-tubocurarine, using the integrated electromyogram as a measure of neuromuscular transmission. Neostigmine was given and the recovery time measured. In all trials the recovery rise time was no longer than two minutes, but varied between one and two minutes.
INTRODUCTION
Reversal of non-depolarizing block by neostigmine has been standard clinical practice for 30 years, but there is dispute in the literature about the efficacy of reversal of the four commonly used non-depolarizing relaxants. I ,2,3 A major reason for the reported variability has been the lack of an objective means of measuring recovery.
Experiments have been performed, using the sheep as a model, in which paralysis to a clinically significant level was maintained for either 30 or 90 minutes under standard conditions. Neuromuscular transmission was measured using an integrated electromyogram (lEMG). The recovery time following neostigmine injection was then measured, in three or four trials, for each of gallamine, pancuronium, alcuronium and d-tubocurarine.
Australian National Health and Medical Research Council. One healthy merino wether was used for all studies (conducted from age 1 Yz to 3 years over the 18 month period of the experiments) .
Anaesthesia was induced and maintained by continuous infusion with an intravenous solution of 5070 sodium thiopentone. The maintenance rate was just sufficient to prevent movement, such as chewing. The trachea was intubated, and nitrous oxide and oxygen given by positive pressure ventilation under computer control, the inspired oxygen concentration being kept at 40070 and end expired carbon dioxide at 4.50/0. This level of Co, is slightly lower than normal and was used to prevent any respiratory effort by the sheep. A check of blood gas status under these conditions revealed that mild hyperventilation produced a constant small respiratory alkalosis, but this was maintained for all experiments. 4 The temperature of the sheep was kept constant at 38 QC. 5 An intravenous infusion of isotonic saline was placed in an external jugular or saphenous vein (depending upon ease of access from week to week) and the blocking drugs and neostigmine were added to the fluid as close as practicable to the vein.
The upper end of the rectus ab dominus muscle was stimulated by supramaximal 10
Anaesthesia and Intensive Care, Vol. VlI!, No. 1, February. 1980 volt, one millisecond pulses applied every two seconds 6 to the seventh intercostal nerve by a co-axial needle. The centre conductor of the needle protruded one millimetre beyond the sheath for reliable stimulation. Gold plated clips were used to pick up a surface electromyogram (EMG). The signal was amplified, rectified and integrated to produce an IEMG, as described by Cass et aC
The surface EMG was chosen for two reasons: it is non-evasive and therefore more acceptable for clinical studies, and it is believed to be more closely proportional to force of muscular contraction than the EMG from a single co-axial needle arbitrarily placed. Although other workers have shown good proportionality between skin surface EMG and force for voluntary contractionS and between muscle surface EMG and force for involuntary contraction 9 there is apparently no definitive evidence relating skin surface EMG and force for involuntary contraction as used here.
Muscle relaxation was induced by computercontrolled injection of the relevant drug and programmed to follow a schedule with four periods, as shown in Figure 1 . In period A, the syringe drive was held on continuously by the computer until the IEMG commenced to fall. Period B lasted for 20 minutes and during this time the IEMG was controlled to fall linearly from 100070 to 20% of the pre-dose level. Period C lasted for either 30 or 90 minutes during which time IEMG was held constant at the 20% level by infusion of neuromuscular
blocking drug under computer control. At the end of this period, neostigmine was injected. Recovery took place in period D.
The 30 minute period of control was chosen to represent the common duration of short operations such as tonsillectomy or breast biopsy. For this duration it is believed that equilibration of drug uptake and removal would not be reached.IO,}} Hence a longer duration of 90 minutes was also employed so that measurement of recovery time following the establishment of equilibrium could be made.
A neostigmine dose of 0.08 mg/kg was used (together with atropine). A larger dose was tested but did not reverse paralysis more effectively or rapidly. A dose of 0.05 mg/kg was found to be less effective. The result was rejected if the final recovery was less than 85% of the pre-dose level, as this was taken to indicate that the stimulating electrode had moved.
The recovery rise time was measured as the time for the IEMG to rise from 28% to 92% of the final level as shown in Figure 1 . The reason for not using the time of neostigmine injection as the starting point for measurement was that the variable time taken for venous return from the saphenous or jugular veins would have introduced errors.
A further reason for measuring the rise time interval between 28% and 92% is that the beginning and end of the recovery curve are relatively flat and it is difficult to measure exactly where the recovery starts and finishes. At the two points chosen (which correspond to 10-90070 recovery from the level of paralysis selected) the slope of the curve is steep, giving better precision. In addition to recovery time, a note of the total dose of relaxant drug used was also made, together with a recording of the pattern of drug infusion, as shown in Figure 1 .
RESULTS
Three trials were carried out for each of the four relaxants -gallamine, pancuronium, alcuronium and tubocurarine -for the 30 minute control period. The results are shown in Figure 2 . Four trials were used for the 90 minute experiments, and the results are shown in Figure 3 . It would have been desirable to carry out more trials but the effort involved in each trial has made this impracticable, and the number of trials necessary to establish a statistical measure of variation within the small range in recovery times observed would not have been justified.
DISCUSSION
Although the recovery rise time is variable, the range is small for all the drugs and for both the 30 minute and 90 minute studies, being one to two minutes. The consistency of recovery rise time within two minutes in all the studies is of importance in clinical anaesthesia because it confirms the impression that the four neuromuscular blocking agents are equally effectively antagonized by neostigmine. Although it would be possible to quantitate statistically the variability by a larger number of experiments, this information would be of very limited value because the maximum time of recovery is short. The recovery rise times after the 90 minute studies fall into a smaller range than those Anaesthesia and Intensive Care, Vo!. VIII, No. 1, February, 1980 following 30 minutes. This suggests that the distribution kinetics of the drugs have approached equilibrium, a conclusion in agreement with Somogyi et a/.IO,!! It is worth emphasising however, that even in the more variable state after 30 minutes of paralysis reversal by neostigmine was invariably nearly complete within two minutes of its commencement.
Dosage of the blocking drug was also variable, but did not correlate with the recovery times. Variability of response to these drugs also has been reported by Katz,!2 but clinical experience has shown that this does not limit their usefulness. In these experiments there were a number of variables which could not be standardized. Firstly, the position of the intercostal nerve stimulator and the surface EMG electrodes varied slightly from one study to the next. Secondly, the depth of unconsciousness provided by the thiopentone infused varied because there is no precise means of measuring this depth. The infusion rate was set by trial and error to prevent any movement of the sheep, and recovery of consciousness occurred within 30 minutes of the conclusion of the experiment. The infusion was accurately regulated by a motor-driven syringe, avoiding peaks of concentration as far as possible except during induction. Thirdly, although the sheep was starved overnight, the previous fluid and food intake was not controlled and would have been expected to vary. Fourthly, the distribution of cardiac output and the uniformity of perfusion of the rectus muscle would also have been expected to vary. CONCLUSION Under controlled conditions in a sheep, the neuromuscular block by gallamine, pancuronium, alcuronium and d-tubocurarine, is reversed by neostigmine within two minutes measured by the rise time of recovery which is believed to begin when the antidote reaches the rectus abdominis muscle. Reversal is equally effective after 30 minutes and 90 minutes of Anaesthesia and Intensive Care, Vol. VIII, No. 1, February, 1980 paralysis to 20070 of control measured by the integrated electromyogram. It is reasonable to postulate that the effectiveness of reversal by neostigmine will be similar with similar levels of clinical paralysis by the four neuromuscular blockers.
